
15.2 Phosphate Coatings

Introduction

The use of phosphate coatings for protecting steel surfaces has been known
for over 60 years, and during this period commercial utilisation has steadily
increased until today the greater part of the world production of motorcars,
bicycles, refrigerators, washing machines, office furniture, etc. is treated in
this way. By far the greatest use of phosphate coatings is as a base for paint,
although other important applications are in conjunction with oil, grease,
wax and spirit stains to provide a corrosion-resistant finish, with soaps to
assist the drawing and pressing of steel, and with lubricating oil to decrease
the wear and fretting of sliding parts such as piston rings, tappets and gears.

Applications

Phosphate treatments are readily adaptable to production requirements for
articles of all sizes, and for large or small numbers. Economical processing
can be achieved, for example, by treating thirty car bodies per hour in a con-
veyorised spray or immersion plant, or by immersion treatment of small clips
and brackets. Mild steel sheet is the material most frequently subjected to
phosphate treatment, but a great variety of other ferrous surfaces is also
processed. Examples include cast-iron plates and piston rings, alloy steel
gears, high-carbon steel cutting tools, case-hardened components, steel
springs and wire, powdered iron bushes and gears, etc. Phosphate treat-
ments designed for steel can also be used for the simultaneous treatment of
zinc die-castings, hot-dipped zinc, zinc-plated and cadmium-plated articles,
but if there is a large quantity of these non-ferrous articles it is more
economical to phosphate them without the steel.

Phosphate solutions containing fluorides are used for processing steel,
zinc and aluminium when assembled together, but chromate solutions are
generally preferred when aluminium is treated alone. The increasing use of
cathodic electrophoretic painting on steel, however, has led to a reassessment
of the basic processes and formulations that might be most effective.

Methods

The usual method of applying phosphate coatings is by immersion, using a
sequence of tanks which includes degreasing and phosphating stages, with



their respective rinses. The treatment time ranges from 3 to 5 min for thin
zinc phosphate coatings up to 30 to 60 min for thick zinc, iron, or manganese
phosphate coatings. The accelerated zinc phosphate processes lend them-
selves to application by power spray, and the processing time may then be
reduced to 1 min or less. Power spray application is particularly advan-
tageous for mass production articles such as motorcars and refrigerators, as
the conveyor can run straight through the spray tunnel, which incorporates
degreasing, rinsing, phosphating, rinsing and drying stages.

Flow-coating and hand spray-gun application is sometimes employed
where a relatively small number of large articles has to be phosphated.

Mechanism of Phosphate Coating Formation

All conventional phosphate coating processes are based on dilute phosphoric
acid solutions of iron, manganese and zinc primary phosphates either
separately or in combination. The free phosphoric acid in these solutions
reacts with the iron surface undergoing treatment in the following manner1:

Fe + 2H3PO4 -> Fe(H2PO4J2 + H2 .. .(15.1)

thus producing soluble primary ferrous phosphate and liberating hydrogen.
Local depletion of phosphoric acid occurs at the metal/solution interface.
As the primary phosphates of iron, manganese and zinc dissociate readily in
aqueous solution, the following reactions take place:

Me(H2POJ2 ̂  MeHPO4 + H3PO4 .. .(15.2)

3MeHPO4 ̂  Me3(PO4J2 + H3PO4 .. .(15.3)
3Me(H2PO4J2 ̂  Me3(PO4J2 + 4H3PO4 .. .(15.4)

The neutralisation of free phosphoric acid by reaction 15.1 alters the posi-
tion of equilibrium of equations 15.2, 15.3 and 15.4 towards the right and
thereby leads to the deposition of the sparingly soluble secondary phosphates
and insoluble tertiary phosphates on the metal surface.

As reaction 15.1 takes place even when the phosphating solution contains
zinc or manganese phosphate with little or no dissolved iron, it will be seen
that the simple or 'unaccelerated' phosphate treatment gives coatings which
always contain ferrous phosphate derived from the steel parts being pro-
cessed. After prolonged use, a manganese phosphate bath often contains
more iron in solution than manganese and produces coatings with an iron
content two or three times that of manganese.

The relation between free phosphoric acid content and total phosphate
content in a processing bath, whether based on iron, manganese or zinc, is
very important; this relation is generally referred to as the acid ratio. An
excess of free acid will retard the dissociation of the primary and secondary
phosphates and hinder the deposition of the tertiary phosphate coating;
sometimes excessive loss of metal takes place and the coating is loose and
powdery. When the free acid content is too low, dissociation of phosphates
(equations 15.2, 15.3 and 15.4) takes place in the solution as well as at the
metal/solution interface and leads to precipitation of insoluble phosphates
as sludge. The free acid content is usually determined by titrating with sodium



hydroxide to methyl orange end point, and the total phosphate by titration
with sodium hydroxide to phenolphthalein end point. Using this test, non-
accelerated processes operated near boiling generally work best with a free-
acid titration between 12-5 and 15% of the total acid titration.

A zinc phosphate solution tends to produce coatings more quickly than
iron or manganese phosphate solutions, and dissociation of primary zinc
phosphate proceeds rapidly through reaction 15.2 to 15.3 or directly to
tertiary zinc phosphate via reaction 15.4. Even so, a processing time of
30 min is usual with the solution near boiling.

Another factor in the initiation of phosphate coating reaction is the
presence in the processing solution of tertiary phosphate, either as a colloidal
suspension or as fine particles2. This effect is most apparent in zinc phos-
phate solutions, which produce good coatings only when turbid. The tertiary
zinc phosphate particles can be present to a greater extent in cold processing
solutions and act as nuclei for the growth of many small crystals on the metal
surface, thereby promoting the formation of smoother coatings.

Similarly, the ferric phosphate sludge formed during the processing of
steel in a zinc phosphate solution can play a useful part in coating forma-
tion3. The solubility of ferric phosphate is greater at room temperature
than at elevated temperatures, and is increased by the presence of nitrate
accelerators. To allow for saturation at all temperatures it is desirable always
to retain some sludge in the processing bath. Coatings with optimum corro-
sion resistance are produced when the temperature of the bath is rising and
causing super-saturation of ferric phosphate.

With zinc/iron/phosphate/nitrate baths the iron content of the coating
comes predominantly from the processing solution and very little from the
surface being treated4. This greatly diminished attack on the metal surface
by accelerated baths has a slight disadvantage in practice in that rust is not
removed, whereas the vigorous reaction of the non-accelerated processes
does remove light rust deposits.

The solution of iron represented in equation 15.1 takes place at local
anodes of the steel being processed, while discharge of hydrogen ions with
simultaneous dissociation and deposition of the metal phosphate takes place
at the local cathodes1. Thus factors which favour the cathode process will
accelerate coating formation and conversely factors favouring the dissolu-
tion of iron will hinder the process.

Cathodic treatment in a phosphating solution exerts an accelerating action
as the reaction at all cathodic areas is assisted and the formation of a phos-
phate layer is speeded accordingly. Conversely, anodic treatment favours
only the solution of iron at local anodes and hinders phosphate coating
formation. An oxidising agent acts as an accelerator by depolarisation of the
cathodes, raising the density of local currents so that rapid anodic passiva-
tion of active iron in the pores takes place. This inactivation of local anodes
favours the progression of the cathodic process. The accelerating effect of
alternating current is explained by the practical observation that the cathodic
impulse acting protectively greatly exceeds in its effect the anodic impulse
which dissolves iron. In a similar manner the electrolytic pickling of iron
with alternating current can dissolve iron at a slower rate than when no
current is used.



Reducing agents have the same ultimate effect as cathodic depolarisation
in that they convert anodic regions to cathodic and increase the ratio of
cathodic to anodic areas.

Nitrogenous organic components such as toluidine, quinoline, aniline,
etc. all act as inhibitors to the anodic reaction between metal and acid and
thereby favour the cathodic reaction and accelerate the process.

Accelerators

The majority of phosphate processes in use today are 'accelerated' to obtain
shorter treatment times and lower processing temperatures. The most com-
mon mode of acceleration is by the addition of oxidising agents such as
nitrate, nitrite, chlorate and hydrogen peroxide. By this means, a processing
time of 1 to 5 min can be obtained at temperatures of 43-7 10C. The resultant
coatings are much smoother and thinner than those from unaccelerated pro-
cesses, and, while the corrosion resistance is lower, they cause less reduction
of paint gloss and are more suited to mass-production requirements.

Table 15.8 Amount and composition of the gases evolved on phosphating of 1 m 2 of sheet
metal for deep drawing

Phosphate solution

Manganese phosphate
Zinc phosphate
Manganese phosphate

(accelerated with nitrate)
Zinc phosphate (accelerated

with nitrate)
Zinc phosphate containing

1 • 5-2 g/1 iron (accelerated
with nitrate)

Pointage*

30
40

30

70

70

Time
(min)

60
30

15

5

5

Amount
of gas

(cm Vm2)

7000
2540

3500

78

85

H2
(%)

87-5
92-7

84-6

16-7

32-1

N2
(%)

11 -4f
6-4t

9-1

75-3

57-0

O2
<%)

1 - 1
0-9

1-3

8-0

1-6

N2O + NO
W

5-0

9-3

* A measure of the total of a phosphating solution, as indicated by the number of ml of O- 1 N sodium hydroxide (4-0 g/l)
needed to neutralise 10 ml of the phosphating solution to phenolphthalein. t Presumably from nitrides present in the steel.

The presence of nitrate as acelerator has a pronounced effect on the
amount and composition of gas evolved from the work being treated1

(Table 15.8). It will be observed that hydrogen evolution drops to a very low
figure with the zinc/nitrate baths. The formation of nitrite arises from
decomposition of nitrate by reaction with primary ferrous phosphate to
form ferric phosphate:

2Fe2+ + NO3- + 3H+ -> 2Fe3+ + HNO2 + H2O

In an acid solution sodium nitrite acts as a strong oxidising agent by the
following reaction:

2NaNO2 + 2H3PO4 -» 2NaH2PO4 + H2O + N2O + 2(O)

A slight degree of acceleration can be obtained by introducing traces of
metals which are more noble than iron, for example nickel, copper, cobalt,
silver and mercury. These metals are deposited electrochemically over the



iron surface undergoing treatment, thereby providing more active cathodic
centres and promoting phosphate deposition. This method of acceleration
has the disadvantage of leaving minute particles of the noble metal in the
coating, and, in the case of copper, this can seriously inhibit the drying of
some types of paint coatings. Copper also forms local cells with the iron and
so reduces corrosion resistance.

Acceleration by addition of reducing agents, organic compounds, or by
application of a cathodic or alternating current, is not nowadays used to
any great extent. This situation may change if ways of controlling the
P/(P + H) ratio become important (see later).

Nature of Coatings

Effect of Metal Surface

The state of the metal surface has a pronounced effect on the texture and
nature of phosphate coating produced by orthodox processes. Heavily
worked surfaces tend to be less reactive and lead to patchy coatings. Grit
blasting greatly simplifies treatment and gives uniform phosphate coatings.
Accidental contamination of sheet steel with lead has been shown to have an
adverse effect on the corrosion resistance and durability of phosphate
coatings and paint5.

Cleaning operations which make use of strong acids or strong alkalis tend
to lead to the formation of excessively large phosphate crystals which do not
completely cover the metal surface and therefore show inferior corrosion
resistance; this is particularly serious if rinsing is inadequate between the
preparatory treatment and the phosphating. Adherent dust particles can also
lead to the formation of relatively large phosphate crystals, and surfaces
which have been wiped beforehand show much smoother and more uniform
phosphate coatings.

On the other hand, the provision of vast numbers of minute nuclei assists
the phosphate coating reaction to start at a multitude of centres, resulting
in a finely crystalline coating. This effect can be obtained chemically by a pre-
dip in a solution of sodium phosphate containing minutely dispersed traces
of titanium or zirconium salts6 or in weak solution of oxalic acid. This type
of pre-dip entirely eliminates any coarsening effect due to previous treatment
in strong alkalis or acids.

Effect of Phosphate Solution

Improved nucleation within the phosphate solution itself can produce
smoother coatings without the necessity of recourse to preliminary chemical
treatment. This may be accomplished by introducing into the phosphating
bath the sparingly soluble phosphates of the alkaline earth metals or con-
densed phosphates such as sodium hexametaphosphate or sodium tripoly-
phosphate. Such modified phosphating baths produce smoother coatings
than orthodox baths and are very much less sensitive to cleaning procedures.

Very thin coatings of 'iron phosphate' can be produced by treatment with
solutions of alkali metal phosphate. These serve a useful purpose for the



treatment of office furniture, toys, etc. where a high degree of protection is
not required, and also as a base for phenolic varnishes, or resin varnishes
requiring stoving at over 2040C. The coating is of heterogeneous nature and
contains less than 35% iron phosphate (FePO4-2H2O) with the remainder
probably 7Fe2Oj.

Thin phosphate coatings can be formed by application of phosphoric acid
solution alone, i.e. not containing metallic phosphates, to a steel surface,
sufficient time being allowed after application to enable complete reaction to
take place. In this way a thin film of iron phosphate can be formed. In prac-
tice it is difficult to obtain complete conversion and the remaining traces of
phosphoric acid can cause blistering of paint coatings. This effect may be
insignificant on rough, absorbent steel surfaces, e.g. ship's plating, where
heavy coats of absorbent paint are applied, and under these circumstances
the treatment can enhance the corrosion resistance of the finishing system.

Chemical Nature of Coatings

The simplest phosphate coating, that formed from solution containing only
ferrous phosphate and phosphoric acid, consists of dark grey to black
crystals of tertiary ferrous phosphate, Fe3 (PO4)2, and secondary ferrous
phosphate, FeHPO4, with a small proportion of tertiary ferric phosphate,
FePO4. Coatings formed from manganese phosphate solutions consist of
tertiary manganese phosphate, and those from zinc phosphating solutions
consist of tertiary zinc phosphate. With both the manganese and zinc type
of coating, insoluble secondary and tertiary iron phosphates, derived from
iron present in the bath, may be present in solid solution. Iron from the
surface being treated can also be present in the coating, particularly at the
metal/phosphate interface. The PO4" content of coatings may vary from
33 to 50%, whereas the theoretical PO4" content is lowest, at 41%, in
Zn3(PO4);,-4H2O and highest, at 63%, in FePO4.

Crystal Structure

It has been suggested that the zinc phosphate coating has the composition
Zn3(PO4J2-Zn(OH)2, but X-ray diffraction studies have given very good
correlation between Zn3 (PO4 )2-4H2 O and the zinc phosphate coatings on
steel8.

Zn3 (PO4)2-4H2O appears in three crystal forms, a-hopeite (rhombic
plates), #-hopeite (rhombic crystals), and/7-hopeite (triclinic crystals). Their
transition points are at 105, 140 and 1630C respectively. It has been
observed9 that zinc phosphate coatings heated in the absence of air lose
their corrosion resistance at between 150 and 1630C.

Manganese phosphate coatings heated in the absence of air lose their
corrosion resistance at between 200 and 2180C. At these temperatures,
between 75 and 80% of the water of hydration is lost and it is assumed that
this results in a volume decrease of the coating which causes voids and
thereby lowers the corrosion resistance. Fig. 15.4 shows the loss of water of
hydration from zinc, iron and iron-manganese phosphate coatings.



Table 15.9 Analytical tests on industrial phosphate coatings

RVQTSPProcess*

ZnZnZnZnMnFeMain cation in phosphate bath

ImmersionImmersionImmersionSprayingImmersionImmersionMethod of application

12541-53015Duration of treatment (min)

5-87
12-28
4-46

771-7
36-0
6-4
1-5

11-96

1-63
3-48
1-20

173-9
34-0
5-0
1-0

10-87

3-37
5-43
2-07

396-6
38-0
6-9
1-3

13-04

2-61
4-46
1-96

152-2
44-0

3-4
1-2

10-9

-26-4
21-2

8-9
76-1
42-0
0-4
0-2

10-9

-26-1
14-2
7-0

81-5
49-0
0-6
0-3

11-4

Change in weight on phosphating (g/m2)
Coating weight (g/m2)
PO^- (g/m2)
Moisture (mg/m2)
PO 4 ~ content of coating (%)
Moisture content of coating (%)
Hygroscopicity of coating (%)
Absorption value (diacetone alcohol (g/m2)

* The letters used for designation indicate proprietary process.
Data reproduced courtesy J.l.S.L, 170, 11 (1952).



HEATING TEMPERATURE (0C)

Fig. 15.4 Effect of heating on phosphate coatings for 16 h at various temperatures, showing
loss of water of hydration. Curve A zinc phosphate, B iron phosphate and C iron manganese

phosphate (courtesy 7.7.5./., 170, 11 (1952))

The heating of phosphate coatings in the absence of air provides condi-
tions similar to those prevailing during the stoving of paint on phosphated
articles, but in general the paint stoving temperatures and times are well
below those at which damage to zinc phosphate coatings takes place.

The loss of water from conventional zinc and managanese phosphate
coatings heated in air is from 10 to 20% higher than the loss on heating in
the absence of air. It is thought that this greater loss may be due to oxidation
of the iron phosphate present in the coatings.

The most important uses for phosphate coatings entail sealing with oil or
paint and it is therefore of interest to study absorption values. Table 15.9
compares the absorption of diacetone alcohol into coatings of widely differ-
ing thicknesses and composition; despite these differences, values of 10-8-
12-9g/m2 are obtained throughout. It is therefore evident that absorption
is predominantly a surface effect and not appreciably influenced by coating
thickness.

Rinsing

After phosphating, thorough rinsing with water is necessary in order to
remove soluble salts which would otherwise tend to promote blistering under
a paint film. Care should also be taken to ensure that the water supply itself
is sufficiently free from harmful salts. Experience has shown that a water
supply is potentially injurious if it exceeds any one of the three following
limits:

1. 70p.p.m. total chlorides and sulphates (calculated as Cl" + SOj").
2. 200p.p.m. total alkalinity (calculated as CaCO3).
3. Maximum of 225 p.p.m. of (1) and (2) together.
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Improved corrosion resistance and reduced tendency to blistering can be
obtained by treating the final rinse with chromic acid, or preferably with
phosphoric and chromic acids combined. Normally a total acid content of
0-05% is used. Higher concentrations of chromic acid in the rinse will
increase corrosion resistance, partly by passivation of any bare metal or
pores in the phosphate coating, but mainly by absorption into the
coating10'11. The corrosion resistance rises steadily with increase of chromic
acid strength, but above 0-2% chromic acid the phosphate coating tends to
dissolve. Absorbed chromic acid is removed only with difficulty by hot or
cold water rinsing and is not affected by trichlorethylene vapour treatment.
Advantage may be taken of the higher corrosion resistance given by chromic
acid, whether or not the metal is to be painted, but care must be taken with
white finishing paints, as chromic acid residues may cause local yellowing of
the paint in the form of streaks. British Standard requirements for chromic
rinsing are shown in Table 15.10.

Table 15.10 Concentration of chromate solution (BS 3189:1973)

Nature of phosphate coating
and of sealing coat

1 . Phosphate coatings of all classes to be
sealed with paint, varnish or lacquer

2. Zinc phosphate coatings to be sealed
with oil or grease

3. Manganese and/or iron phosphate
coatings to be sealed with oil or grease

Concentration in
terms o/CrO*

W

AfWi.

0-0125

0-0125

0-0125

Max

0-05

0-25

0-5

* The substitution of an equal weight of phosphoric acid for up to one half of the chromic acid
is permissible.

In recent years there has been a great increase in the use of demineralised
water for rinsing, especially before electrophoretic painting. The demineral-
ised water is generally applied by misting jets at the end of all other pre-
treatment stages and allowed to flow back into the last rinse tank.

In certain cases rinsing may be dispensed with after non-accelerated phos-
phate treatment, but blistering of paint due to local concentration of solu-
tion in seams and crevices may occur. Rinsing is generally applied, regardless
of the type of phosphate process employed 12.

Recent trends are away from rinses containing Cr(vi) and more towards
those containing Cr(IIi) for health and safety reasons.

Corrosion Protection

The corrosion protection provided by phosphate coatings without a sealing
treatment is of a low order; their value when sealed is considerably greater.
Unsealed corrosion tests are therefore of little value except perhaps for
studying porosity or efficiency of coatings destined to be sealed only with oil.

Mention has been made of the necessity for controlling the acid ratio of
phosphating baths, particularly those of iron, manganese and zinc operating



Table 15.11 Typical phosphate coating processes

Phosphate
coating
solution

Iron
Iron/manganese
Manganese
Zinc
Zinc

Sodium/ammonium

Accelerator

None
None
Nitrate
Nitrate
Nitrate/nitrite

or chlorate
None

Immersion
time
(min)

30
30
15
15
3

1-2 (spray)

Type of
coating

Heavy
Heavy
Heavy
Medium
Light

Very light

Coating
weight
(g/m2)

10-87-32-61
10-87-32-61
8-70-32-61
3-26-32-61
1-09- 6-52

0-22- 0-65

near boiling point to produce heavy coatings. At a 'pointage* (see Table 15.8)
of 30 in these solutions the free acidity is usually maintained between 1 ^-S
and 15%; above this figure coatings with progressively lower corrosion
resistance are obtained.

Heavy phosphate coatings do not necessarily have better corrosion
resistance than lighter coatings. Even with a single process, e.g. zinc/iron/
phosphate/nitrate, no consistent relationship has been found between corro-
sion resistance and either coating weight or weight of metal dissolved.

Phosphate processes containing little or no oxidising agent and based on
manganese or zinc tend to accumulate iron in solution from the work being
processed. With a manganese content of from 0*2% to 0-5% it is best
to control the iron at from 0-2 to 0-4%; a higher iron content reduces the
corrosion resistance and may lead to the formation of thin powdery
coatings, while a lower iron content gives soft coatings. Similarly, a zinc pro-
cess operates best with O* 15-0-5% zinc and O -4-0 '5% iron. Again, with a
higher iron content corrosion resistance falls off and powdery coatings may
be formed, and soft coatings result from a lower iron content.

Jaudon13 tested phosphate coatings with and without paint and found the
salt-spray resistance, as judged by the first appearance of rust, to be as follows:

Bare steel Few minutes
Phosphated steel 12 h average
Painted steel 15Oh
Phosphated and painted steel 300 h

Table 15.12 Typical uses of phosphate coatings on steel

Coating weight
(g/m2)

21-74-32-61
10-87-21-74

5-43-10-87

2-17- 2-72

1-63- 2-17

0-22- 0-65

For corrosion
resistance

Military equipment, etc.
requiring oil or grease
finish

Nuts, bolts, clips, brackets

Cars, refrigerators, washing
machines

Steel drums, bicycles, office
machinery

Toys, office furniture
Strip steel, for painting and forming

For wear prevention and
metal forming

Critical cold extrusion
Normal cold extrusion
'Running in' treatment for

piston rings, gears and tappets
Wire and tube drawing
Sheet steel pressing
Light metal pressing



Within broad limits, phosphate processes can be classified according to the
main metallic radical of the processing solution and the type of accelerator
used; typical processes are given in Table 15.11. The selection of process and
of coating weight is mainly dependent on the end-use of the article being pro-
cessed; the general requirements for corrosion resistance and wear preven-
tion are given in Table 15.12. (See later for comments on P/ (P + H) ratio.)

Testing

Heavy phosphate coatings are generally used as protection against corrosion
in conjunction with a sealing film of oil or grease. The porosity or free pore
area of these coatings should be kept to a minimum. Machu14 devised a
method of examination based on the quantity of electricity necessary to effect
passivation of the bare steel and used this to determine the 'free pore area'
which, in the phosphate coatings tested, varied from 0-27 to 63%. Attempts
to use this method for the evaluation of the more widely used thin zinc phos-
phate coatings have not been successful, as these coatings show a porosity
of less than 1 -5% and the technique of measurement was not adequate for
this range15. A method for making rapid measurements of the electrical
resistance of phosphate coatings has been described by Scott and Shreir16.

Akimov and Ulyanov17 proposed an acidified copper sulphate spot test
for assessing the corrosion resistance of phosphated articles by timing the
colour change from blue to light green, yellow or red owing to the precipita-
tion of copper. The assumption was that the longer this change took to
occur, the higher the corrosion resistance. The test has been thoroughly
examined in this country and rejected because of variation in results and
poor correlation with corrosion resistance. Sherlock and Shreir17(a) consider
that the hydrogen permeation technique could provide a useful means of
studying and evaluating the porosity of phosphate coatings.

The most widely used accelerated tests are based on salt spray, and are
covered by several Government Specifications. BS 1391:195218 (recently
withdrawn) gives details of a hand-atomiser salt-spray test which employs
synthetic sea-water and also of a sulphur-dioxide corrosion test. A con-
tinuous salt-spray test is described in ASTM B 117-61 and BS AU 148: Part
2(1969). Phosphate coatings are occasionally tested by continuous salt spray
without a sealing oil film and are expected to withstand one or two hours
spray without showing signs of rust; the value of such a test in cases where
sealing is normally undertaken is extremely doubtful.

The main value of salt-spray tests is in the evaluation of the effectiveness
of phosphate coatings in restricting the spread of rust from scratches or other
points of damage in a paint film. This feature is of particular interest to the
motorcar industry, as vehicles are often exposed to marine atmospheres and
to moisture and salt when the latter is used to disperse ice and frost from road
surfaces. Great care is needed in the interpretation of a salt-spray test, as it
has been found to favour thin iron phosphate coatings more than is justified
by experience with natural weathering. In the motorcar industry the present
custom is to use zinc phosphate coatings on the car bodies and all other parts
exposed to the outside atmosphere.

Humidity tests are generally of more practical use than salt-spray tests,
particularly where painting is employed, as the thoroughness of rinsing
may be checked by this means. The use of contaminated water can leave



water-soluble salts in the phosphate coating and lead to blistering of the
paint film under humid conditions, as paint films are permeable to water
vapour. Immersion in water, or subjection to high humidity in a closed
cabinet, will generally show any defects of this kind within a few days. The
British Automobile Standard specifies freedom from blistering after 200 h in
distilled water at 10O0F (380C).

Table 15.13 Weights of phosphate coatings
(Defence Specification DEF-29)

Class

II
III

Type

Mn or Fe
Zn, etc.

Minimum coating
weight
(g/m2)

7-6
4-3
1-6
0-5*

* A lower range of O- 5 to 1 -6 g/m 2 may be permitted where thin sections are
to be fabricated or formed after the application of paint, varnish or lacquer.

The texture or crystal size of phosphate coatings can conveniently be
recorded by making an impression on clear cellulose tape moistened with
acetone. Uniformity of crystal size is of importance for coatings which are
to resist wear and assist metal working. Surface roughness may also be
studied by means of a Talysurf meter.

Phosphate coating weight determinations are generally performed by
dissolving the coating from weighed panels by immersion in a solution of
20 g/1 of antimony trioxide in concentrated hydrochloric acid at a tempera-
ture of 13-210C19. The solution is used once only. Thin iron or zinc phos-
phate coatings can be removed for weight determination by immersion in 5%
chromic acid solution at 7O0C, but this solution should also be used once
only, as the presence of more than a trace of phosphate leads to pitting of
the steel and false results. Zinc phosphate coatings can be removed by
immersion in 10% sodium hydroxide at boiling temperature, aided by
rubbing during rinsing.

The Ministry of Defence requirements for phosphating are covered by
Defence Specification DEF-29 and are divided into three classes as shown in

Table 15.14 Salt-spray resistance
of phosphate coatings under

various finishes
(Defence Specification DEF-29)

Finish

Oil
Shellac
Lanolin
Air-drying paint
Stoving lacquer
Stoving paint

Period of test
(days)

1
1
1
3
6
6



Table 15.13. This specification follows good industrial practice, with addi-
tional safeguards in rinsing to remove residues to treatment solutions. Non-
accelerated treatments must be followed by a single rinse which may contain
chromate; accelerated treatments must be followed by three rinses —cold
water, hot water and a final chromate rinse. Table 15.14 shows the salt-spray
test requirements for phosphate coatings with various finishes without for-
mation of rust; the paints and lacquer have the additional requirement that
no rust shall be visible beyond O- 2 in (5 mm) from the deliberate scratches
and no blistering, lifting or flaking beyond O -05 in (1-27 mm) from the
original boundaries of the scratches.

The American Aeronautical Material Specification AMS 2480 A calls
for 15Oh salt-spray test without rusting extending more than O- 125 in
(3-175 mm) on either side of scratch marks, using a black enamel finish for
the phosphate coating.

Table 15.15 Weights of phosphate coatings
(BS 3189:1973)

Class of phosphate process

A 1. Heavyweight (Mn or Fe)
A 2. Heavyweight (Zn)
B Medium weight (Zn, etc.)
C Lightweight (Zn, etc.)
D Extra lightweight (Fe)

Coating weight
(g/m2)

Min.

7-61
7-61
4-34
1-09
0-33

Max.

4-34
1-09

British Standard 3 1 89:1 973 19 contains valuable information on the
operation of phosphate processes to obtain optimum results, and on the
testing of phosphate coatings. The classification of coatings according to
composition and weight is shown in Table 15.15. Recommendations for
chromate rinsing are given in Table 15.10. The inspection and testing
includes determination of coating weight, freedom from corrosive residues
as shown by a humidity test, and resistance to corrosion by salt spray. British
Standard 5493: 1977 20 is also a valuable source of information.

The P/(P + H) Ratio

In recent years considerable interest has been focused on the so-called
P/ (P + H) ratio in predicting the performance of phosphated steel when
coated with cathodic electroprimer and paint21"26. In this context, P is
defined as the intensity of X-rays diffracted from the (100) plane of a
phosphophyllite (FeZn2 (PO4 )2- 4H2 O) at an interplanar spacing d, of
0-884nm, and H is defined as the intensity of X-rays diffracted from the
(020) plane of hopeite (Zn3 (PO4 )2- 4H2 O) at d = 0-904 nm. Initial work
suggests that high values of this ratio (referred to as the 'The Ratio') are
synonymous with good corrosion performance21. Later work22"26 indicates
tha the situation is much more complex than first thought and that many
other factors also need to be considered such as method of application,



working temperature, bath chemistry and after-treatment, to name just a
few. Reproducible values for The Ratio can be obtained, providing extensive
multiple readings are taken in order to take into account topographical
variations.

Performance tests23 show that although the high values of The Ratio'
appear to be synonymous with good performance, this effect is masked by
the use of Cr-containing after-treatments which result in superior corrosion
resistance.

Similarly, although dip application shows an overall superiority to
spray/dip treatments, good results can be obtained with the latter. Indeed,
there may be a reversal of The Ratio trend in this instance22, i.e. perfor-
mance is slightly inferior at relatively high values of The Ratio. It is also
possible to find zinc phosphate coatings exhibiting good performance and
high iron content even though X-ray diffraction studies may reveal no
phosphophyllite present or crystalline species other than hopeite21"26. This
may be because corrosion resistance is related to a low proportion of hopeite,
rather than phosphophyllite, in the coating. Other factors to be considered
include the need for homogeneous phosphate layers of controlled thickness,
the direct attachment of the primer to a coherent layer (primary phosphate)
and the level of interlayer cohesion within the coating. Some papers24

indicate that adhesion failure results from internal fracture of the phosphate
coating and that it is concentrated at the junction between a primary
microcrystalline or even amorphous layer close to the metal substrate and a
secondary layer exhibiting relatively coarse crystallinity. The primary layer
is comprised essentially of a zinc phosphate material and the Zn/P ratio in
the retained primary layer after fracture is lower than that in the detached
material, though close enough to be considered essentially similar.

As already mentioned, acidic chromium-containing rinses for phosphate
coatings considerably improve the resistance of paint to water soak and
humidity testing. Some authors suggest that the main action is therefore not
just the passivating of the regions of steel surface left active after the
phosphating process, but could be due to action on the coating itself. If the
coating is considered to be a solid alkali comprised of tertiary inorganic
phosphates, then it is possible for amorphous phases containing Cr2O3 or
CrPO4 to bind the secondary and primary layers together. Similarly
improvements in cathodically electropainted systems, in terms of their
resistance to water soak tests, are said24 to be obtained by post-rinsing the
phosphate surface with dilute acids or even alkalis. This latter effect is only
obtained when at least 20-30% of the phosphate surface is actually removed.
Thus in such circumstances the secondary phosphate layer is sufficiently
depleted to allow the electroprimer direct access to the primary layer. These
observations lend support to the notion that, although the potential for good
corrosion resistance is greatest with cathodic electroprimer (compared with
anodic), the risk of adhesion failure due to internal fracture of the phosphate
coating is quite high.

How far the formulation of a phosphating bath influences The Ratio is not
entirely clear. Nitrite alone or in combination with chlorate has been the
most widely used accelerator system for many years but more recently
nitrite-free chlorate/organic systems have been increasingly favoured. Low
zinc systems in which the bath is 'starved' of zinc to promote a high iron con-
tent in the coating, originally introduced in Japan, have become widespread.



Similarly in Japan there has been a strong move towards full dip treatment
and over 50% of car body lines now employ this method. In Europe, while
there are some dip-only plants, the majority of recent installations have pre-
sprays prior to the dip tank. In the USA spray-only plants still predominate.
Zinc phosphate processes normally operate in the range 50-6O0C. Low
temperature processes operating at 25-350C are widely used in the UK and
Italy but have not been extensively adopted elsewhere.

One area in which there is sometimes confusion is in appreciating exactly
what The Ratio signifies. As mentioned above, this is an arbitrary ratio based
on intensities of X-rays at very specific diffraction angles. Thus it can be very
misleading to assume that the figures quoted are related in some way to the
volume or weight fractions of actual hopeite and phosphophyllite crystals
present. In extreme circumstances the occurrence of the X-ray peaks may
actually move to other diffraction angles. Furthermore, if there is crystal
orientation present in a sample then a wide scatter in The Ratio figures will
result from alignment problems in the X-ray diffractometer.

Finally, it is worth noting that the quality of the steel substrate can have
an effect on the corrosion resistance promoted by any subsequent treatment
by phosphating and painting. Indeed, it has been reported27 that interesting
results are obtained when cold-rolled steel panels, with different amounts of
surface contamination, are zinc phosphated then coated with anionic or
cationic electrocoat primers followed by a conventional filler-topcoat
system. In salt spray, scab and filiform corrosion tests it is apparently possi-
ble to distinguish between different surface contamination levels and primer
coatings. Carbonaceous residues on the steel can have a detrimental effect,
and this can be confirmed in the case of anionic primer during salt spray tests.
In the scab corrosion and filiform corrosion tests, however, anionic primer
performance actually increases with surface contamination. It can be con-
cluded that the steel condition and the type of coating affect the corrosion
resistance of the entire system by inducing changes in the phosphate layer.
With the current low level of surface contamination of commercial steels and
the highly resistant modern coating formulations it is suggested27 that the
phosphate layer is the weakest link in the entire system.

M. O. W. RICHARDSON
R. E. SHAW
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15.3 Chromate Treatments

Introduction

The addition of chromates to many corrosive liquids reduces or prevents
attack on metals, and chromates are often added to waters in contact with
metals as corrosion inhibitors. Under atmospheric exposure an alternative
method is used; this consists of depositing on the metal a chromate film
which acts as a reservoir of soluble chromate. Although the quantity of
chromate which can be held in this way at the metal surface is small, the film
nevertheless improves the performance of metals with a high intrinsic corro-
sion resistance, e.g. cadmium, copper and some aluminium-base materials.
With metals which are more liable to corrode, however, such as magnesium
alloys and high-strength aluminium alloys, chromate films are used primarily
for improving the adhesion of paint, their own inhibiting action making a
useful contribution to the total protection.

Chromate treatments can be applied to a wide range of industrial metals.
They are of two broad types: (a) those which are complete in themselves and
deposit substantial chromate films on the bare metal; and (b) those which are
used to seal or supplement protective coatings of other types, e.g. oxide and
phosphate coatings. Types of treatment for various metals are summarised
in Table 15.16.

Principles of Chromate Treatment

Chromate ions, when used as inhibitors in aqueous solutions, passivate by
maintaining a coherent oxide film on the metal surface. Passivation is main-
tained even in a boiling concentrated chromic acid solution*, in which many
of the oxides in bulk form are soluble. The passivity breaks down rapidly,
however, once the chromate is removed.

In order that a chromate film may be deposited, the passivity which
develops in a solution of chromate anions alone must be broken down in
solution in a controlled way. This is achieved by adding other anions, e.g.
sulphate, nitrate, chloride, fluoride, as activators which attack the metal, or
by electrolysis. When attack occurs, some metal is dissolved, the resulting
hydrogen reduces some of the chromate ion, and a slightly soluble golden-
brown or black chromium chromate (Cr2O3-CrO3 -ArH2O) is formed.

*Vigorous attack can occur with industrial-grade chromic acid, which can contain sulphuric
acid as an impurity.



This compound is deposited on the metal surface unless the solution is
sufficiently acid to dissolve it as soon as it is formed. The film also usually
contains the oxide of the metal being treated, together with alkali metal
(when this is present in the treatment solution) perhaps in the form of a com-
plex basic double chromate analogous to zinc yellow.

Table 15.16 Summary of types of chromate treatment

Metal

Aluminium
and its alloys

Cadmium and
zinc

Copper

Iron and steel

Magnesium
alloys

Silver

Tin

Type of
treatment

(a) Alkaline dip

(b) Acid dip, 1

Acid dip, 2

(c) Acid pickle

(d) Sealing of
anodic films

Acid dip

Acid pickle

Rinse after
phosphate
treatment

(d) Strongly acid
dip

(b) Moderately
acid dip

(c) Slightly acid
dip

(d) Sealing of
anodic films

(a) Dip

(b) Anodic

Dip

Solution, radicals

Alkaline chromate

Acid chromate/
fluoride/phosphate

Acid chromate/
fluoride/nitrate

Acid chromate/
sulphate and
chromate/phosphate

Chromate/
dichromate in pH
range 5 to 7

Acid chromate/
sulphate, sometimes
with additions

Acid chromate/
sulphate

Dilute acid chromate
with or without
phosphate

Acid chromate/
nitrate

Chromate/sulphate
with buffer, pH 4
to 5, also Dow
No. 7

Chromate/sulphate,
pH 6, at boiling or
with anodic current

Neutral chromate

Chromate and
complexing salt

Alkaline chromate

Alkaline chromate

Type of deposit

Oxide/hydroxide
with perhaps some
chromate

Phosphate with
perhaps some
chromate

Not known, but
contains substantial
chromate

Very thin, may
contain chromate

Blockage of pores
with hydroxide/
chromate

Thin hydrated
chromium chromate

Very thin, may
contain chromate

Probably some basic
chromate left in the
phosphate coating

Thin chromium
chromate

Thick chromium
chromate

Thick chromium
chromate

Chromate retained
by oxide, etc.
coating

Very thin, may
contain chromate

Very thin, may
contain chromate

Very thin, may
contain chromate



The stability of the natural oxide film reinforced by the chromate ion
determines the conditions of pH, ratio of activating anion to chromate, and
temperature at which the oxide is broken down and a chromate film
deposited. Thus magnesium alloys can be chromate-treated in nearly neutral
solutions, whereas aluminium alloys can be treated only in solutions of
appreciable acidity or alkalinity.

The same principle tends to apply to the protective efficiency of the
chromate film, i.e. the greater the intrinsic corrosion resistance of the metal,
the greater the protection conferred by the soluble chromate in the chromate
film.

Aluminium

Chromate Treatment of Aluminium

Several immersion treatments using solutions containing chromates1 have
been developed for aluminium. It is not always clear to what extent the films
formed can properly be called chromate films, i.e. films containing a
substantial amount of a slightly soluble chromium chromate, but even if the
film consists largely of aluminium oxide or hydroxide or other salt with
chromate physically absorbed, it will still provide a reservoir of soluble
chromate at the metal surface. Treatments fall into two classes: alkaline and
acid. The latter are of more recent development.

Alkaline treatments These are all based on the original Bauer-Vogel
process in which a boiling solution of alkali carbonate and chromate is used.
The best known is the Modified Bauer-Vogel process (DTD 913); others
contain silicate (E.W. process), fluoride, chromium carbonate, and/or
disodium phosphate (Pylumin processes). The films formed are light to dark
grey in colour, depending on the process and the composition of the alloy
being treated, and consist substantially of aluminium oxide or hydroxide
and probably some soluble chromate, either combined or adsorbed. The
protection against mild atmospheres is fair, and is improved by sealing in
hot sodium silicate solution. The films produced provide a good basis for
paint.

Acid treatments The principal acid processes were developed in the USA
under the name Alodine, and are marketed in the UK as Alocrom and under
other names. The original solutions were based on acid solutions containing
phosphate, chromate and fluoride ions. Immersion for up to 5 min in the
cold or warm solution leads to the deposition of a greenish film containing
the phosphates of chromium and aluminium, and possibly some hexavalent
chromate. The more recent Alocrom 1 200 process uses an acid solution con-
taining chromate, fluoride and nitrate. Room-temperature immersion for
15 s to 3 min deposits golden-brown coatings which contain chromate as a
major constituent.

The success of the Alocrom 1 200 process has prompted the introduction
of several other commercial processes which deposit similar substantial
chromate-bearing films.



Acid pickles Some of the acid pickles used to clean and etch aluminium
alloy surfaces and remove oxide and anodic films, such as the chromic/
sulphuric acid pickle (method O of DEF STAN 03-2) and other chromic-acid
bearing pickles (App. F of DEF-151) probably leave on the surface traces of
absorbed or combined chromate which will give at least some protection
against mild atmospheres.

Sealing of Anodic Films

In view of the porous nature of anodic films, especially those produced by
the sulphuric acid process (Section 15.1), sealing treatments have been
developed in an attempt to improve their protective value. Although not very
effective on the relatively dense films produced by the chromic acid process,
the sealing treatments enhance the protection afforded by films produced by
the sulphuric acid process. For conferring protection against corrosion the
most effective treatment is immersion for 5-15 min in a boiling chromate/
dichromate solution just on the acid side of pH 8, i.e. at a pH value at which
aluminium oxide and hydroxide just begin to be slightly soluble. Defence
Specification DEF-151 quotes two solutions, one a 7-10% dichromate/
chromate solution at pH 6-7, and the other a 5% dichromate solution con-
taining a small amount of chromate to bring the pH from 4 (dichromate
only) to between 5-6 and 6.

The chromate sealing treatment imparts to the anodic film a distinct yellow
to brown colour, which is probably due to a basic aluminium chromate or
alkali chromate adsorbed on to aluminium hydroxide. The film gives
appreciable protection against marine exposure.

Chromate Passivation of Cadmium and Zinc

Cadmium and zinc coatings are widely used to protect steel from rusting,
and for preventing accelerated corrosion when two dissimilar metals, e.g.
copper and aluminium are in contact. It is important that zinc and cadmium
should themselves be preserved from corroding, so that they may give
protection by physical exclusion and sacrificial action. The durability of
cadmium and zinc coatings depends on their thickness and their intrinsic
corrosion resistance under any given exposure. On close-tolerance parts, the
thickness is of necessity limited to 25 ̂ m or often appreciably less. Zinc
corrodes quite rapidly in humid and marine conditions, and cadmium,
though more resistant, is not immune. Both metals are attacked by the
organic vapours emitted by some plastics and paints, and by wood2. It is
therefore often highly desirable to apply a protective coating.

The best protection is given by paint. An etch-primed paint scheme can be
applied directly to the metal; for other paints an inorganic treatment must
be given to ensure good adhesion. Of the two classes of inorganic treatment,
phosphate treatment has little protective value in itself, but chromate
passivation gives appreciable protection and in mildly corrosive surroun-
dings may be sufficient in itself.



The most commonly used chromate passivation process is the Cronak
process developed by the New Jersey Zinc Co. in 1936, in which the parts
are immersed for 5-10 s in a solution containing 182 g/1 sodium dichromate
and 6 ml/1 sulphuric acid. A golden irridescent film is formed on the zinc or
cadmium surface. Many variants (all fairly acidic) have been developed
subsequently; all are based on dichromate (or chromic acid) with one or
more of the following: sulphuric acid, hydrochloric acid (or sodium
chloride), nitric acid (or nitrate), phosphoric acid, formic acid and acetic
acid. A survey by Biestek3 shows that several of these variants are as good
as the Cronak process, although none is superior.

Practical details of the Cronak process are given in Specification DEF-130,
and a comprehensive account of the process as applied to zinc plate has been
published by Clarke and Andrew4. Fig. 15.5 shows the loss of zinc and the

Time of immersion ( s)

Fig. 15.5 Effect of sulphuric acid concentration on chromate passivation of zinc. Solution:
182 g/1 of Na2Cr2O7-ZH2O -I- H2SO4 as indicated; temp. 180C; 1-0 x 10~! mg Zn/cm2 =

O-145 pun thickness

weight of film deposited as a function of immersion period and of variation
of sulphuric acid content above and below the normal 6 ml/1. The curves
show that in the normal bath the weight of film deposited is equal to the
weight of zinc dissolved, and that as the acid is consumed, the solution
becomes more efficient in converting metal to film. The curves also show that
the dissolution of zinc during film formation is small, less than 0-25^m,
which is an important consideration when small parts such as nuts and bolts
are being treated. (On such parts, for reasons of tolerance, relevant specifica-
tions are forced to allow minimum thicknesses of down to 4 /*m of cadmium
and zinc plate.)

Claims for other passivation solutions should always be considered in rela-
tion to the quantity of metal consumed, unless, of course, the solutions are
intended solely for use on zinc-base die-castings, where tolerance on
thickness is unimportant.

The chromate film deposited by the Cronak process on zinc consists
largely of a hydrated chromium chromate and contains some 10% by weight
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of hexavalent chromium, equivalent to 20% of CrO^ . At least part of this
chromate is soluble in water and available for protecting the underlying zinc
or cadmium; on account of this solubility, passivated parts should not be
washed in very hot water. Heating at 10O0C or higher tends to dehydrate the
film and render the chromate in it insoluble, with consequent reduction in
protective value; any heat treatment after plating, e.g. for de-embrittlement,
should therefore be completed before chromate passivation. If the yellow
colour of the chromate film is considered undesirable, treated parts can be
subjected to an aqueous extraction 'bleaching' treatment, but much of the
protective value will be lost thereby.

The quantitative results quoted above all refer to zinc surface. It is likely
that the behaviour of cadmium would be similar; in view of the fact that the
equivalent weight of cadmium is double that of zinc, it is even more impor-
tant that the passivation solution shall not attack and dissolve the metal to
any appreciable extent.

Cleaning Etch for Copper and its Alloys

Copper and its alloys can be cleaned and brightened by immersion in solu-
tions of substantial quantities of dichromate with a little acid (see, for
instance method Q of DEF STD 03-2/1). Such solutions impart some resist-
ance to tarnishing, ascribed to the formation of very thin chromate films.

Clarke and Andrew5 have developed a similar solution further activated
by addition of chloride ions which deposits more substantial films shown to
contain hexavalent chromium. The films give appreciable protection against
salt spray and tarnishing by sulphur dioxide.

Iron

Chromate Treatment

In spite of the effectiveness of chromates in stopping the rusting of steel
in aqueous solutions, no successful chromate filming process has been
developed for this purpose.

Chromate Rinsing of Phosphated Steel

The protective value of a phosphate coating is enhanced by a dip or rinse in
an acid chromate solution. Joint Service Specification DEF-29 makes such
a rinse mandatory for steel parts treated by an accelerated process, and
optional after treatment by a non-accelerated process. Details of rinses are
given in Section 15.2 (Table 15.10, p. 15:30).

Magnesium Alloys

(See also Section 4.4.)



Chromate Treatments

Chromates are very effective inhibitors of the corrosion of magnesium alloys
by saline and other waters, and many treatments have been developed by
means of which substantial films containing slightly soluble chromate are
formed in the metal surface. Except on parts which are to be exposed only
to a rural atmosphere, chromate treatment must be supplemented by paint,
for which it provides a good base.

Magnesium is a relatively reactive metal, and can be chromated in nearly
neutral solutions as well as in acid solutions. The range of treatments possi-
ble illustrates well the role of pH, activating anion, temperature and dura-
tion of treatment in promoting the breakdown of passivity in the chromate
solution and the consequent formation of a chromate film.

Strongly acid bath This class is represented by a treatment developed in
Germany over 60 years ago and widely used since. The solution contains
15% sodium or potassium dichromate and 20-24% v.v. concentrated nitric
acid. Parts to be treated are immersed for 30 s to 2 min at room temperature
and then allowed to drain for 5 s or more before being washed. Most or all
of the film formation occurs during the draining period and the chief function
of the immersion period is to clean the surface by etching. The film is thin
and of a golden or irridescent grey colour. The process is not suitable for
close tolerance parts and is mainly used for protection during storage prior
to matching. The process is used in the UK as bath (iv) of DTD 91IC, in the
USA as the Dow No. 1 treatment and in the USSR as treatment MOKH-I.

Medium acid baths, pH 4-5 At this acidity a dichromate solution plus
sulphate ion as activator is sufficient to deposit chromate films in 30 min or
so at room temperature or in a few minutes at boiling point. Unfortunately,
a solution of alkali dichromate and alkali sulphate is quite unbuffered, and
other substances must be added to give the bath a useful life over the working
pH range. Acetates have been used successfully, but salts of aluminium,
chromium, manganese and zinc have been more commonly employed. The
pH of the solution rises slowly during use until basic chromates or sulphates
begin to precipitate. The solution can then be rejuvenated by the addition of
chromic or sulphuric acid or acid salts.

A successful bath of this class is the Magnesium Elektron Chrome Man-
ganese Bath, bath (v) of DTD 911C, which contains 10% sodium dichro-
mate, 5% magnesium sulphate (as a source of sulphate) and 5% manganese
sulphate (as a source of sulphate and as a buffering agent). Treatment is by
immersion for up to 2 h at room temperature or up to 10 min at boiling point,
the treatment being continued until the appearance of the deposited film has
passed the thin golden stage and reached the dark brown to black stage. A
second bath of this class is the Dow No. 4 which contains sodium dichromate
and potassium chrome alum; this solution is used at boiling point.

The Dow No. 7 treatment, popular in the USA, also falls within this class.
The process differs from other chromate treatments in that the activator,
magnesium fluoride, is formed on the metal surface by immersion in 20%
hydrofluoric acid solution, the parts then being immersed in a 10-15% alkali
dichromate solution with or without sufficient alkaline earth fluoride to
saturate it. A slow action occurs on the surface and the fluoride film is
replaced by a chromate or mixed chromate/fluoride film.



The dichromate solution is quite unbuffered over the working pH range
of 4 • 0-5 • 5, but the degree of attack on the metal is so slight that in practice
appreciable surface areas can be treated before readjustment of the pH by
addition of chromic acid becomes necessary. The process is used in the USSR
under the code name MFKH-I.

Slightly acid baths, pH 6 At this pH, a boiling temperature must be used
to aid the activation of the sulphate present; alternatively, activation can be
accomplished by use of an anodic current.

The R.A.E. 'hot half-hour bath', bath (iii) of DTD 91IG falls into this
class. The solution contains 1-5% each of ammonium and alkali dichro-
mates, 3% ammonium sulphate, and enough ammonia to raise the pH from
4 (dichromate stage) to 6. Parts to be treated are immersed in the boiling
solution for 30 min. The solution is well buffered against rise of pH due to
magnesium dissolving in the solution, partly by the chemical reaction
dichromate -» chromate, and partly by loss during boiling of ammonia. A
closely similar process is used in the USSR under the code name MOKH-6.
In the USA the process is applied after a hydrofluoric acid pretreatment,
either as above (Dow No. 8 treatment and USSR MFKH-3) or at 50-6O0C
with the aid of the galvanic current generated when the parts under treatment
are connected electrically to the steel tank or to steel cathodes in the solution
(Dow No. 9 treatment).

A cold treatment relying on electric current for activation has been
developed at R.A.E.; the solution consisted of 15% sodium dichromate and
5% potassium permanganate with added caustic soda to bring the pH to the
lower end of the treatment range of 6-0-7-1. Parts were made anode at a
current density of 30-80 A/dm2 for a treatment time of 20 min.

Chromate Sealing

A large number of electrolytic treatments of magnesium, anodic or a.c.,
have been developed, in which adherent white or grey films consisting of
fluoride, oxide, hydroxide, aluminate or basic carbonate are deposited from
alkaline solutions containing caustic alkali, alkali carbonates, phosphates,
pyrophosphates, cyanides, aluminates, oxalates, silicates, borates, etc. Some
films are thin, and some are relatively thick. All are more or less absorbent
and act as good bases for paint, though none contributes appreciable inhibi-
tion. All can, however, absorb chromates with consequent improvement of
protective efficiency.

The simplest method of chromate sealing involves immersion in a dilute
alkali chromate or dichromate solution followed by washing; retained
chromate imparts a yellow colour to the film. More substantial amounts of
slightly soluble chromate can be deposited in the thicker type of absorbent
anodic film by a method developed by Dr. L. Whitby at High Duty Alloys
Ltd6. In this, anodised parts are immersed first in a boiling 30% solution of
sodium chromate and then in a boiling 2% solution of zinc nitrate. Residues
of the first solution in the film react with the second solution to give a
substantial yellow deposit of a basic zinc chromate, probably similar in com-
position to zinc yellow.



Silver

Chromate treatments have been developed for protecting silver against
sulphide tarnishing by the deposition of very thin films which are assumed
to contain chromate. A Dutch-American immersion treatment7 uses a chro-
mate solution and a complexing agent, e.g. cyanide, ammonia or E.D.T.A.
Working pH values depend on the nature of the agent and lie within the
range pH 1-12.

Another treatment consists of making the silver parts cathode in an
alkaline chromate solution.

Tin

Alkaline chromate treatments for tin, e.g. the Protecta-Tin processes8,
have been developed by the Tin Research Institute. The solutions resemble
the M.B.V. compositions for treating aluminium, but are more alkaline.
Thin invisible films which resist staining by heat and sulphur-bearing com-
pounds and give protection against humid atmospheres at pores are
deposited.

Etch Primers

While etch primers, also known as pretreatment primers and wash primers,
can be regarded as priming paints which promote their own adhesion by
etching the metal surface, they may also be regarded as phosphate/chromate
etching treatments which leave an organic residue on the surface to form the
basis of the subsequent paint scheme. A detailed account of the etch primers
has been given by Coleman9.

The standard etch primer (WP-I, DEF-1408) consists of two solutions,
one containing polyvinyl butyral resin and zinc tetroxychromate in ethyl
alcohol with H-butanol, and the second containing phosphoric acid and ethyl
alcohol. It is essential that a small critical amount of water be present in the
latter. The two solutions are mixed in appropriate ratio for use; the mixture
deteriorates and should be discarded when more than 8 h old. Single-pack
etch primers of reasonable shelf life are available but contain less phosphoric
acid than the above and are not considered to be so effective.

The reactions which take place when the mixed etch primer is applied to
a metal are complex. Part of the phosphoric acid reacts with the zinc tetroxy-
chromate pigment to form chromic acid, zinc phospliates and zinc chromates
of lower basicity. The phosphoric acid also attacks the metal surface and
forms on it a thin chromate-sealed phosphate film. Chromic acid is reduced
by the alcohols in the presence of phosphoric acid to form chromium
phosphate and aldehydes. It is believed that part of the chromium phosphate
then reacts with the resin to form an insoluble complex. Excess zinc tetroxy
chromate, and perhaps some more soluble less basic zinc chromes, remain
to function as normal chromate pigments, i.e. to impart chromate to water
penetrating the film during exposure. Although the primer film is hard



enough for over-coating after drying for 1 h, the above reactions continue
in the nominally dry film for two to three days, during which time the film
remains rather sensitive to water.

Etch priming is widely used on aluminium alloy, and is particularly effec-
tive on cadmium and zinc. The adhesion to stainless steel and titanium is
good. It has also been used quite widely on bare steel and on magnesium
alloy, but on these metals its performance is not, in the opinion of some
investigators, always quite reliable. For best protection the etch primer
coating is followed with a full paint scheme.

Recent Developments

A comprehensive review by Biestek and Weber10 covering earlier work on
the technology of chromating and the properties of chromate coatings on a
range of metals, has been published.

The advent of surface sensitive techniques such as X-ray photoelectron
spectroscopy has enabled advances to be made regarding the composition of
films formed. Treverton and Davies11 found that the chromate conversion
coating on aluminium consisted mainly of Cr(Ui) with aluminium oxides
and fluorides present at the film/substrate interface. Matienzo and Holub12

have shown that a chromic acid rinse after conversation coating, introduced
additional chromium which was incorporated in the coating as CR(Vl). The
acid rinse also eliminated fluorides whilst forming a thicker protective layer.
Using scanning electron microscopy, Arrowsmith etal.13 have shown that
coatings on aluminium are produced by precipitation of spherical particles
which merge and form successive layers. Film growth was maintained by
transport of solution through open channels rather than by migration of
ions through a continuous layer.

In the case of galvanised steel surfaces, Duncan14 investigated the com-
position of the chromate layer after heating, immersion in water and out-
door exposure. Recent developments in zinc coating technology have
resulted in the availability of a wide range of compositions. It is known that
the formation of suitable conversion coatings on Zn-Ni and Zn-Co elec-
trodeposits is difficult and there is only a limited amount of published infor-
mation, although several commercial systems are in use. Similarly, zinc
coatings produced by hot-dipping, eg. Zn-Al, pose particular problems.
Initial work on the conversion coating of different types of zinc substrate
prior to powder coating has been reported15.

Since chromates are highly toxic there has been concern over their
discharge into the environment and in the handling of chromate compounds
and treated components. This has resulted in increasingly more stringent
environmental and factory regulations. The precipitation of Cr(Vi) from
effluent solutions is difficult and can only be overcome by expensive multi-
step treatments. Attempts to comply with legislation have resulted in the
development of various new techniques and formulations, but the
mechanisms of reaction are still similar to those outlined above. Formula-
tions suggested by Barnes etal.16 use nitrates, hydrogen peroxide or per-
sulphates to initiate metal dissolution, with nitrate being preferred.
Successful film-forming compounds include trivalent chromium ions



provided by the leather tanning salt Chrometan, and aluminium ions pro-
vided by aluminium sulphate. In the case of chromate solutions a more stable
film was produced if a complexant such as sodium hypophosphite was pre-
sent in solution. LeRoy17 has developed solutions based on thioglycollic
esters where the thioglycolate grouping HS-CH2-C(O)-O- is very reactive
with zinc, provided that the zinc surface is clean. Solutions have to be
emmulsified to stop setting of the polymer and the best coatings are produced
when solution pH and temperature are in the range 2-8 and 50-8O0C, respec-
tively. The nature of conversation coatings produced on tin and zinc from
molybdate and tungstate solutions has been determined and compared with
those produced when using chromate solutions (see for example Wilcox and
Gabe18). No-rinse treatments of the organic and inorganic types have been
discussed by Matienzo and Holub12. Dissolution of the metal occurred at
low pH followed by deposition of a polymer complex or silica as the pH at
the surface increased. Chromium is still introduced from the solution as
Cr(IIi) and Cr(Vi), but no acidic rinse followed the formation of the coating.

N. R. SHORT
H. G. COLE
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